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Abstract--This paper describes a structural model of the human rib cage and abdomen 
that incorporates many geometrical and functional features important o the under- 
standing of respiratory mechanics. The rib cage, diaphragm, abdominal wall and lungs 
are characterized by nonlinear stress-strain characteristics that depend on muscle ac- 
tivity. The positions, volumes, forces and pressures for each set of initial conditions 
are found by determining mechanical equilibrium. Many such determinations allow pre- 
dictions for large displacements. The model predicts passive respiratory system be- 
havior and the action of individual respiratory muscles that are qualitatively consistent 
with physiological data. Respiratory mechanics includes both pulmonary mechanics 
and mechanics of the chest wall by which we mean the mechanics of the thorax, the 
abdomen and the diaphragm. The geometrical complexity of the chest wall and its 
associated muscles of respiration makes rigorous analysis of the mechanics of the res- 
piratory system difficut. This paper describes a structural model of the respiratory 
system with two degrees of freedom of motion that has been useful for understanding 
the actions of respiratory muscles. The model was initially developed to test the hy- 
pothesis of Goldman and Mead[l] that the diaphragm, contracting by itself, can expand 
the abdomen and rib cage in the same way as passive inflation of the respiratory system. 
The model's predictions uggest that coordinated activity of rib cage musculature and 
diaphragm are required to expand the respiratory system in this way. 
1. GENERAL DESCRIPTION 
Conceptually, the model is a structural, three-dimensional mechanical system that looks 
and moves approximately like the human rib cage. diaphragm and abdominal wall and 
simulates the behavior of the human respiratory system. The geometry of the model is 
very simple, but essential relations of the human chest wall are preserved. The structural 
elements of the system are described by equations derived from the geometry and by 
stress-strain equations that describe elastic forces. Mechanical equilibrium of the system 
is found by use of an energy equation solved numerically. 
The model was developed according to the plan in Fig. 1. Geometrical and mechanical 
properties of the imaginary chest wall were derived from anatomical and physiological 
measurements. When anatomic and experimental data were unavailable, reasonable as- 
sumptions were made and then adjusted to enable the passive pressure-volume charac- 
teristics of the chest wall model to approximate xperimental data[2]. The actions of 
intercostal and abdominal muscles were chosen empirically to enable the chest wall to 
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Fig. 1. Plan for developing and refining the model. 
produce static pressures een in the Handbook of Physiology[3], and diaphragm char- 
acteristics were taken largely from data of Kim et al.[4]. 
Although the elastic and muscular constants of the model are chosen to enable the model 
to conform to certain experimental data, the nature of the movements of the chest wall 
during graded muscular activity is not directly controlled or controllable by the experi- 
menter. Once the physical dimensions, tress-strain relationships and the initial and final 
activation of each muscle group have been specified, the model predicts motions and 
volume changes by finding mechanical equilibrium. 
Geometry 
The model comprises a rib cage, a diaphragm and an abdomen (Fig. 2). The model rib 
cage is a cylindroid--a cylindrical solid whose cross-sections perpendicular to the ele- 
ments are elliptical. The rib cage can be conceived of as being made up of an infinite 
number of identical elliptical "ribs" in parallel planes. The ribs meet the spine in the 
midline (the midsagittal plane) at an angle, 0. (See Fig. 2 for definitions of anatomical 
planes and directions.) The dimensions of the rib ellipses are constant, but 0 is free to 
change, producing a parallelogram-like motion of the rib cage when seen in midsagittal 
section (Fig. 3). The cross-section of the rib cage perpendicular to the spine changes its 
dorsoventral diameter as 0 changes. The end of the cylindroid nearest he head (cephalic 
end) is the plane of a rib ellipse. The other (caudal) end is an elliptical plane that meets 
the spine at a constant point and meets the lowermost ribs at fixed points on their cir- 
cumference (Fig. 3). 
The human diaphragm is a muscular sheet whose fibers radiate like the seams of a 
parachute from a thin membranous central tendon to insert on the inner surface of the 
rib cage near its lower margin. As the muscle fibers shorten during inspiration, the dome 
Ventral  
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J C a ud o._.__.Jl 
~,, Transverse 
Plane 
Fig. 2. Midsagittal section through rib cage. abdomen and diaphragm of the chest wall model. Dorsoventral and 
cephalocaudal xes and a transverse plane are shown. Symbols are defined in text. 
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Fig. 3. Midsagittal section through rib cage at two positions. The dimensions of a rib ellipse are invariant, but 
changes in 0 cause the dorsoventral semidiameter Ibt to change. 
of the diaphragm moves caudally like a piston, and the cephalocaudal extent of the dia- 
phragm apposed to the inner wall of the rib cage decreases. The geometry of the diaphragm 
in the model preserves these features. 
The model diaphragm is an elliptical cylindroid within the caudal rib cage capped at 
its cephalic end with a domed structure. The dome is a segment of a prolate spheroid 
formed by rotation of an ellipse about its major axis. The geometry of the diaphragm 
depends on 0 and on the length {D) of the diaphragm in the midsagittal plane (Fig. 2). As 
D is reduced, the length of the cylindrical portion of the diaphragm first decreases, then 
goes to zero at the ventral midline and ultimately disappears completely. 
The geometry of the abdomen is not completely specified, although various lengths 
and curvatures are specified or computed for the purpose of calculating pressures and 
forces. Abdominal volume is not found geometrically, but changes in volume are computed 
for the purpose of computing abdominal pressure. The abdominal volume is that contained 
within the abdominal wall caudal to the plane defined by the lower margin of the rib cage. 
The abdominal visceral contents are assumed to be incompressible, and therefore the sum 
of diaphragmatic volume and the volume contained within abdominal wall between the 
rib cage margin and pelvis is constant. When muscles of the abdominal wall are relaxed. 
abdominal pressure depends on how much of the abdominal viscera are displayed caudad 
by the diaphragm (i.e., on the distension of the ventral abdominal wall). In order to 
compute the relative distension of the abdominal wall, two regions of the abdomen are 
considered (Fig. 4). The larger region of the abdomen, Region 1, is enclosed by an elastic 
ventral wall. If this wall is distended by abdominal viscera, the abdominal pressure rises. 
A wedge-shaped cephalic region of the abdomen, Region 2, immediately caudal to the 
margin of the rib cage, varies in size as 0 changes. Region 2 modifies abdominal distension 
in the following way. If the volume contained within the diaphragm remains constant. 
and if 0 increases or decreases, abdominal distension will decrease or increase, respec- 
tively, as abdominal visceral volume moves between Regions I and 2. Whereas Region 
1 has no defined shape, Region 2 is a beveled slice of an elliptical cone whose cephalic 
end is defined by the margin of the rib cage and whose caudal end is defined by the plane 
perpendicular to the spine where it meets the margin of the rib cage.* 
Fig. 4. Midsagittal section through diaphragm and abdomen showing abdominal regions. 
* Volume changes as measured by magnetometers, inductance pneumographs and other body surface mea- 
surements assign changes in the volume of abdominal Region 2 to the rib cage. Magnetometers stimate abdominal 
volume changes by measuring abdominal distension at the midabdomen, and changes in the volume of Region 
2 are tightly coupled with changes in thoracic dimensions and almost unrelated to distension of the midabdomen. 
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The chest wall model simulates chest wall behavior by calculating volumes of chest 
wall compartments, pressures and forces within the structures and the energy associated 
with each of the elastic elements of the system. Mechanical equilibrium, where stored 
elastic energy is minimum, is found by successive approximation. The description of 
calculations for volume, pressures, forces and energy are presented below. 
Some of the salient assumptions of the model are as follows. (Refer to Fig. 2 for an- 
atomical terms and definitions of planes and directions.) The rib cage moves with a single 
degree of freedom and is not distorted, whereas the abdomen and diaphragm ove with 
two degrees of freedom. The lungs are freely deformable. All forces are purely elastic; 
muscles act by increasing tension in an elastic manner. The tension in the ventral ab- 
dominal wall (which is responsible for abdominal pressure) is anisotropic, the cephalo- 
caudal tension being different from the transverse. Other assumptions are mentioned in 
the text that follows. 
The model program generates data for continuously changing or fixed lung volume (VL) 
and for continuously changing or fixed respiratory muscle activation. Respiratory muscles 
that may be activated include inspiratory and expiratory muscles of the rib cage (denoted 
as inspiratory and expiratory intercostals), abdominal wall muscles and diaphragm. For 
each set of initial conditions of VL or muscle activation, the program computes a set of 
thirty volumes, pressures, angles, lengths, etc. The model creates afile that includes these 
30 parameters for each of up to 30 increments in VL and/or muscle activation. Once data 
are generated, they may be stored and retrieved and graphically displayed as pairs of any 
two parameters. 
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Fig. 5. Computational flow chart. 
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The model program generates data in five steps. These steps depend on whether or 
not the airway is open. The sequence of calculation is presented in a computation flow 
sheet (Fig. 5). 
2. VOLUMES 
First is the calculation of volumes of the chest wall compartments. Thoracic volume 
is uniquely determined by the angle in the saggital plane between the "r ibs" and the spine, 
0; all other volumes are uniquely determined by 0 and the length of the diaphragm in the 
midsagittal plane, D (Fig. 2). 
Volume of  the thorax (VTH). The thoracic volume is the volume contained by the rib 
cage and a plane defined by the caudal margin of the rib cage (Fig. 3). Thoracic volume 
is 
Vvh = vAb(T  - B cos 0o), 
where A is the transverse semidiameter of the thorax, B is the dorsoventral semidiameter 
of a rib ellipse, b = B sin 0 is the dorsoventral semidiameter of the thorax in the transverse 
plane, 0o is the rib angle at which the plane of the caudal boundary of the rib cage is 
perpendicular to the spine, and T is the length of the thoracic spine. 
Volume contained by the diaphragm (VD). The diaphragmatic volume is defined as 
the volume contained by the diaphragm and the plane defined by the caudal margin of 
the rib cage where the diaphragm inserts (i.e. attaches to the rib cage). It is therefore the 
volume common to the rib cage and abdominal cavity. Diaphragm shape and volume have 
only two degrees of freedom, 0 and D. In Condition 1 (Fig. 6), the diaphragmatic fibers 
are long, and the cylindrical portion of the diaphragm is relatively long. Condition 2 (Fig. 
7) is intermediate, and in Condition 3 the diaphragm is short, and there is no cylindrical 
portion. 
Volume of  diaphragm in Condition 1 (VDx). In Condition I, the diaphragm is a cy- 
lindroid bevelled at one end and capped by a prolate hemispheroid at the other end (Fig. 
6). The first condition is satisfied when 
D>- ,-rb + G, 
I 
b 
k, v J 
6 
Fig. 6. Midsagittal section through diaphragm in Condition 1. 
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where 
Then 
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G = 2B(cos 0o - cos 0). 
Vo l  = ~';rAb(D - vb)  + ]~rAb:.  
Vo lume o f  the  d iaphragm in Cond i t ion  2 (Vm).  In Condit ion 2, the diaphragm is a 
cyl indroid beveled at both ends and capped by a slice of  prolate spheroid (Fig. 7). Con- 
dition 2 is satisfied when 
where 
and 
rrb + G > D > r,.8,, 
$3 cos(8,./2) 
r,. - sin 8,. ' 
8,, = 2 arcs in (2b /S3)  
$3 = 2B(cos 2 0 - 2 cos 0o cos 0 + I) v: 
The subscript c denotes the critical condit ion in which the cylindrical portion of  the dia- 
phragm disappears at the transition from Condit ion 2 to Condit ion 3. 
~rAzh "- 
VD: -- - - (3 r  -- h) + ½~rAb(G - r sin 8), 
3r_, 
where 
re = 2b/(1 - cos 8), 
$2 = 2r_, sin(S/2), 
h = re - r-_ cos(8/2) 
Fig. 7. Midsagittal section through diaphragm in Condition 2. 
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and 
A2 = 2Ar:/S:. 
The volume VD: is found by successive approximation. 
Volume o f  the diaphragm in Condition 3 (VD3). 
slice of prolate spheroid. Condition 3 is met when 
rcS,. >- D > $3. 
Then 
where 
and 
VD3 -~- (T rA3hZ/3r3) (3r3  - h), 
$3 cos(g/2) 2r_~A 
r3 - sin 8 A3 = $3 
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In Condition 3, the diaphragm is a 
h = r, - r3 cos(g/2) 
b, = Bs in0 , .  
The subscript s denotes a "s tandard"  end-expiratory position, arbitrarily set, and VAv is 
defined as the volume of the abdominal viscera. The last term of the expression enables 
a cephalad movement of the rib cage and diaphragm to decrease VAb and thus to decrease 
intraabdominal pressure even though the volume of abdominal viscera contained in the 
rib cage (i.e. VD) is unchanged. 
Volume o f  the hmgs (VL). Lung volume is the thoracic gas volume and is equal to 
thoracic volume less diaphragmatic volume less the volume of the thoracic viscera (Vvv). 
V L ~ VTh-  V D - VTV , 
VTV is assumed to be constant. 
VAb = VAv -- VD -- ¼~rAG(b.,. + b), 
where 
Volume of  the abdomen (VAb ). The calculation of relative abdominal volume (i.e. the 
volume of abdominal Region 1) for the purposes of calculating abdominal distension is 
The volume, VD3 , is found by successive approximation. 
= D/r 3 . 
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3. PRESSURES 
The next step in the computation is the calculation of pressures. Pressures are uniquely 
determined by the relevant volumes and by the degree of activation of relevant respiratory 
muscles. For definition of various pressures (see Fig. 8). 
Transpulmonar3' pressure (PL). Transpulmonary pressure (in kPa) is computed as- 
suming that residual volume (RV, the minimal gas volume of the lung) is 1500 ml and total 
lung capacity (TLC, the maximal gas volume of the lung) is 6500 ml. Above RV, PL is 
determined by an algorithm that approximates the Pc VS VL curve in the Handbook of 
Physiology[3]. Below RV, all airspaces are assumed closed, and PL is the sum of recoil 
pressure at RV and the alveolar pressure from Boyle's Law. When 
V L -> RV, 
PL -- - -1.12 1n(6600 - VL) + 9.64. 
When 
VL < RV. 
-= PL -- ~(P~ - PH:o)RV 
PL 
L VL + PH_-O 1 • 
where PB is barometric pressure. PH:O is water vapor pressure at body temperature, and 
P~ is PL is computed at RV. 
Transabdominal pressure (PAb). Transabdominal pressure varies with height, and so 
it is convenient to calculate gastric pressure (P~), which is defined as abdominal pressure 
at the level of the thoracoabdominal junction of the spine. Gastric pressure is a function 
of body position and abdominal volume as defined above, and is increased by abdominal 
muscle tone. In the supine position, passive pressure is assumed to be a function of the 
volume of viscera displaced into abdominal Region I by the diaphragm. The pressure 
contributed by muscle activity is proportional to muscular activation and weakly depen- 
dent on abdominal volume, being less at RV than at TLC for a given abdominal muscle 
activation. In the upright position, gravity acts on the abdominal viscera to distend the 
lower abdomen relative to the upper abdomen. This gravitational effect is simulated by 
the following technique. An equation that relates abdominal volume displacements o
p,o .4--,, I 
I 
Fig. 8. Schematic of respiratory system showing pressures calculated by the model. Pressures at airway opening 
(Pao), pleural space (Pp~) and cephalic abdomen (gastric, P,) are relative to atmospheric pressure (PB). Pressures 
across the lungs (transpulmonary, PL), diaphragm (transdiaphragmatic, PD) and abdominal wall (transabdominal. 
PAt,) are pressure differences. 
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abdominal pressure in the supine position ,,,,as fitted to experimental data[2] and divided 
by abdominal length to yield A(P) ,  the relative area of the abdominal cross-section as a 
function of pressure. 
tanh P + KP ~4,,(tanh P + 1) 
A(P)  - + 
L 2L 
where A(P)  is the area of any transverse cross-section of Region l, P is a linear function 
of the pressure in that cross-section, MA is the relative activation of abdominal muscles, 
L is the height of the abdomen, and K is a constant. It is assumed that the abdominal 
cross-section at any transverse plane is independent of the influence of adjacent cross- 
sections. 
In the upright position, the abdominal pressure must vary from the top of the abdomen 
to the bottom according to the hydrostatic gradient, and therefore height within the ab- 
domen can be found from the pressure. The volume of the abdomen can be found by 
integration when midabdominal pressure is known, 
fo L V = A(P(H) )  dH. 
Integration is done by numerical approximation using six-point Gaussian quadrature[5]. 
Since abdominal volume and not pressure is known, this integration must be used in a 
successive approximation technique (regula fa ls i )  to determine midabdominal pressure 
or Pg. 
Transdiaphragmat ic  pressure (PD). Transdiaphragmatic pressure is calculated using 
experimental data on length-tension behavior of canine diaphragmatic muscle from Kim 
et a/.[4]. Tension is then converted to pressure by a series of approximations and as- 
sumptions described below. (This indirect method of determining pressure will be useful 
in determining work done on the diaphragm.) Passive diaphragmatic tension, expressed 
as a fraction of the maximum active tension, is 
TD ------ 2.64(X - 1) 5'2 + 0.47MD[In(X - 0.25) + 1.9], 
where X is the stretch ratio, the ratio of muscle length to resting length, and 3,ID is fractional 
activation of diaphragmatic muscle. The first term of this expression is the passive tension 
of muscle stretched beyond its rest length, and is assumed to be zero when X -< 1. 
The stretch ratio, X, is computed from the average diaphragm fiber length F taking into 
account he portion of the fiber composed of the central tendon. 
X =- (7  ~ - Fr)/(Fr - F,), 
where F, is the length of the average fiber that is in the inextensible central tendon, and 
T'r is the average diaphragm fiber length when the muscular portion is at its rest length 
(Io). 
Determinat ion  o f  a weighted average f iber  length fo r  d isphragmat ic  f ibers  (F). In 
order to determine how an average diaphragm fiber changes length, the length of an 
average fiber is computed. It is assumed that the diaphragm is composed of numerous 
fibers, tendonous in their central regions, that run from insertions on the rib cage through 
the central point of the diaphragmatic cap to insertions on the opposite side of the rib 
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cage. All fibers run cephalocaudal when apposed to the rib cage. The fibers in the cap of 
the diaphragm run in planes that contain the midpoint of the cap. Fibers are equally spaced 
along the circumference of the diaphragm in the plane of the cap margin, 
The diaphragmatic cap is modelled as a slice of a larger oblate spheroid (Fig. 9). in 
diaphragm Condition 1. the diaphragmatic cap is hemispheroid. In Conditions 2 and 3, 
the cap is a smaller slice of the spheroid. First. we will describe the weighted average 
length of an arc from a point on the rim of the diaphragmatic cap to the diametrically 
opposite point and passing through the center of the cap. Such an arc forms a straight 
line when projected onto the plane of the rim. The calculation involves double elliptical 
integration by numerical techniques to obtain the weighted average length. 
Figure 9 shows the prolate hemispheroid of which the diaphragmatic cap is a part. The 
labelled dimensions correspond to dimensions defined in the sections on diaphragmatic 
volume. Correspondence depends on diaphragmatic Condition: 
and 
A,. = A .  A,_ or A3; 
x = B ,S , _orS~:  
r = B, r2 or  r 3. 
The angle of integration is 
Q,,, 0 < Q, ,  <_ "rr/2. 
~ r c ~  
Thorax r h ~  
Fig. 9. Upper: General ellipse showing parameters u ed in elliptical integration to find the length of the perimeter, 
S. Lower: Prolate hemispheroid of which the diaphragmatic cap is a part. This construction, showing the dia- 
phragmatic cap in Condition 2 or 3. is used in calculating the average diaphragmatic fiber length. F. See text. 
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Relationships in the figure are 
and 
r~, = {(x )2 / [AZcos :Q, . ,  + (X) : s in2Q~, ]}  
r~,_ = [(A~r:)/(A, cos 2 Q,, + r: sin: Q~.,)]'-" 
12 
Q,.2 = arctan[(r - h)/r,.t]. 
The basic elliptical integration for the small ellipse shown in Fig. 9 is 
fo  -): dS S= , ~--~ dQ, 
where 
d---Q = dQ + L dQ 
r(Q) =- [a:b:/(a 2 cos-" Q + b'- sin = Q)]I,-_ 
and 
Integration is done using six-point Oaussian quadrature[5]. The average diaphragm fiber 
length, F, is the weighted length over the cap (F,.) plus the length of fibers traversing the 
area of apposition. This additional ength is D - RQ as defined in Volumes section and 
shown in Fig. 10. Therefore, the entire fiber length from insertion to insertion is 
7~=-F,. + D-RQ.  
Transdiaphragmatic pressure (PD) can then be calculated from TD and the geometry 
of the diaphragm. It is assumed that the fibers of the diaphragm pull in one direction 
only--that a sheet of diaphragm muscle exerts a force importantly only in the direction 
of the fibers and not perpendicular to them. PD is computed as follows: 
PD ------ PD . . . .  (b,/r)TD, 
where  PDmax is maximum PD observed when To is 1 and 0 is 0~., bs is standard orsoventral 
semidiameter, and r is the radius of the cap in the sagittal plane. This equation assumes 
Fig. 10. Diaphragmatic fiber From insertion to insertion including the portions apposed to the rib cage. 
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that for a given fiber tension, PD will vary inversely with a change in the radius of curvature 
of the diaphragm in the sagittal plane. In diaphragm Condition 1. which pertains most of 
the time. this assumption is equivalent o the assumption that PD varies inversely with 
the cross-sectional rea swept by the diaphragmatic cap as it moves caudad. 
4. ENERGY 
The last major computation of the program is the calculation of work done on or by 
each of the elastic structures for an arbitrary small change in 0. The sum of the work done 
on all sructures is the stored elastic energy of the system (Eto,). Equilibrium is achieved 
when E~o, is at a minimum. 
Energy of hmg elastance (EL). This energy is equivalent o the work done by the 
elastic recoil of the lung which is easy to express as pressure-volume work. 
= f~ PL(V) dV. EL "L 
Note that partial differentials are not used here because D and other variables are allowed 
to change in response to a change in 0. 
Energy of rib cage elastance (ETh). The energy stored in the elastance of the rib cage 
is 
ETh = f0 7Th(t)) dO. 
The ribs are assumed to have an equilibrium angle (Or) with a curvilinear moment-angle 
relationship ('rTh) about this angle. Activity of inspiratory intercostal muscles (M~) is 
assumed to produce inspiratory torque which reaches zero when 0 is 90 ° . Activity of 
expiratory intercostal muscles (ME) produces expiratory torque and is assumed to go to 
zero at 0o. 
7Th -= Kl[(0r - 0) + K2(0r + 0) 3] + K3Ml(0max - 0) + K4ME(0O - 0), 
where  0max and K, - K4 are empirical constants. 
Energy of diaphragm elastance (ED). The energy stored in the elastance of the dia- 
phragm is the work done extending the diaphragmatic fibers when they are under tension. 
This may be approximated as 
ED = f/_ C(0)~/D(F) dF, 
where ~D is the tension per unit circumference of muscle fibers in the diaphragm muscle 
sheet, and C is the circumference of the diaphragmatic insertions in the transverse plane. 
For an ellipse, 
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where 
"/D ~ 3'Dm~,~TD[(A: -~ b~)/(A z + b-')] I~- 
and 
3'D .... ~PD . . . .  Ab, |A2+b' - ]  ~ ' - / \  
8 \ / 
This assumes that diaphragm tension is directly related to pressure and inversely related 
to circumference. 
Energies of abdominal elastance (Ep and Ew). Work done on the abdomen is separable 
into two independent parts: work done forcing volume into the abdomen (thereby some- 
times raising abdominal pressure) and work done by stretching the abdominal wall in the 
cephalocaudal xis by moving the thoracoabdominal boundary cephalad. Each component 
of this work will be defined and justified in terms of its separateness and completeness. 
Energy of abdominal pressure-volume b havior (Ee). The energy stored in the elast- 
ance of abdominal wall (in Region 1) as it is displaced outward by abdominal viscera and 
as modified by abdominal muscles (mAb) is 
= f~, PAb(V) dV. EP ".AI,i I J 
Energy of abdominal wall tension in the cephalocaudal direction (Ew). Work may 
be done on the abdominal wall by stretching it in the cephalocaudal direction. Consider 
the movement of the thoracoabdominal boundary in the cephalad direction without any 
change in abdominal distension. Since the volume of abdominal Region 1 is unchanged. 
P.~,b is unchanged. The caudad force exerted by the abdominal wall, which tends to di- 
minish 0, is determined as follows. There is an anisotropic tension (3',.) which acts in a 
circumferential direction to maintain intraabdominal pressure. We assume the relevant 
radius of curvature to be the greatest radius of transverse curvature occurring at the ventral 
midline in midabdomen. This anterior midline transverse curvature was chosen because 
the human abdominal wall is thin and therefore more like a membrane in midabdomen 
than it is near the sides and back. Furthermore, it seems likely that the tension is deter- 
mined by the relatively gentle curvature in this region, and that the smaller radius of 
curvature at the sides of the abdomen may accompany an outward (negative) curvature 
in the cephalocaudal direction. The maximum radius of curvature for the ellipse shown 
in Fig. 11 is 2A:/(b + b~). Therefore, the component of membrane tension in the cir- 
2b" i ! / I  abs 
b+b s 
<,1 
Fig. 1 I. Dimensions of abdominal transverse section used in calculating "h. See text. 
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cumferential direction is 
~h. = 2PAbA2/(b + b,). 
(The derivation of this assertion is not included.) 
Corresponding to y,., there is tension in the cephalocaudal (axial) direction (-,/,,) which 
we assume to be proportional to y,.. The caudad force contributed by the abdominal wall 
is -,/,, distributed over the circumference of the thoracic outlet in the transverse plane. 
y,, = K'y, 2vr[(A 2 + b'-)/2]'":B sin O. 
The equivalent torque contributed by y,, is 
A'-b (A2 + b2) ''2 
,w - 4"rrKPAb (b + b.~) 2 
and the work done is 
With the work done by all elastic elements accounted for. the energy expressed in 
terms of 0 is minimized with respect to O, and the following equilibrium equation is 
obtained: 
PL- -  + PAb dVAb~l------2~ + 7"Th + "r,,v + "ycC .-77 = 0. (1) 
dO 
The equilibrium value of 0 is found from Eq. (1) by successive approximation. 
5. OPERATION 
When 0 has been determined by Eq. (1) above, an equilibrium has been found, and all 
parameters of the model are uniquely determined. Thirty of the parameters thought o be 
of special interest (volumes, pressures, torques, dimensions of various sorts) are stored 
in an array. Then variables uch as muscle activation are changed, and a new equilibrium 
is found by repeating the process outlined in Fig. 5. A succession of equilibria forms a 
characteristic curve predicting chest wall behavior. For example, if all muscles are inactive 
and tung volume is increased in small steps from RV to TLC, the result is the characteristic 
of the passive relaxation maneuver such as would be predicted for passive inflation and 
deflation of the respiratory system. 
Computation is done by a FORTRAN program run on a DEC PDP 11/03 digital com- 
puter. Graphical display is provided by a Tektronix 4020-A terminal with hard copy unit. 
In using the chest wall program, the operator first sets initial and final conditions of any 
variables he wishes to manipulate (lung volume or muscle activation). Then the program 
computes the equilibria and stores the points in an array. The data in the array can be 
stored in permanent memory, used to draw a picture of the rib cage and diaphragm, or 
graphed in any combination of parameters. The model predicts the behavior of the res- 
piratory system. For example, successive quilibria at different lung volumes describe 
the passive characteristics of the chest wall. as shown in Fig. 12. These curves were 
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Fig. 12. Predicted passive characteristics of the respiratory system as ~ould be observed during lung inflation 
with a pump in supine and upright postures. Tracings of computer graphics show pressures (Neural. P~,~" air,~ay 
opening. P.~,o: gastric, P~.: and transpulmonary. PL) plotted against lung volume IVc 1. 
compared with experimental data from human subjects, and discrepancies were used to 
modify the stress-strain relationships of the model for which there are no known direct 
measurements (for example, the torque-angle characteristic of the rib cage). At this stage 
in the model's development, there are no major discrepancies between data shown in Fig. 
12 and data from normal subjects. 
Muscle activity can be simulated by incrementally increasing the force applied by the 
muscles. Figure 13 shows the model's simulation of inspiratory muscle action and its 
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Fig. 13, Plots of rib cage versus abdominal volume displacements (Konno-Mead plots) during passive inflation 
(dashed line), contraction of the diaphragm, contraction of inspiratory muscles of the rib cage (RC) and simul- 
taneous contraction of the diaphragm and rib cage muscles as predicted by the model. 
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effects on volume displacements of rib cage and abdominal wall in the upright posture. 
Diaphragmatic ontraction alone causes protrusion of the abdomen and a modest increase 
in rib cage size. The inspiratory muscles of the rib cage produce rib cage expansion and 
a passive inward displacement of the abdominal wall. Coordinated activity of diaphragm 
and rib cage muscles inflate the respiratory system along is passive characteristic. These 
predictions are qualitatively consistent with the results of human experiments, and are 
inconsistent with the suggestion of Goldman and Mead[l] that the diaphragm, acting by 
itself, can drive the abdomen and rib cage on the passive characteristic. The model is 
also useful in predicting the changes in variables not easily or commonly measured in 
physiological experiments. For example, the model predicts the relative importance of 
the inspiratory or expiratory effects on the rib cage of pulmonary recoil, diaphragmatic 
contractile tension, abdominal wall tension and abdominal pressure. 
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